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HIGHLIGHTS 


•  Humidity  is  a  strong  capacity  enhancer  for  the  Li-02  batteries,  but  limits  the  cyclic  ability  and  rate  performance. 

•  Humidity  affects  the  Li202/02  conversion,  LiC03/C02  conversion  and  LiOH  formation  over  charge/discharge  cycle. 

•  Humidity  varying  results  in  different  morphologies  of  the  discharge  products. 
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In  this  work,  we  compare  the  performance  of  Li-02  batteries  in  pure/dry  02,  pure  02  with  a  relative 
humidity  (RH)  of  15%  and  ambient  air  with  an  RH  of  50%,  and  analyze  the  ambient  humidity  effect  on  the 
reactions  in  the  carbon-based  catalytic  electrode.  Electrochemical  investigation  indicates  that  discharge 
capacities  of  Li— 02  batteries  increased  with  growth  of  RH  value,  but  cyclic  ability  and  rate  performance 
are  influenced  in  an  opposite  way.  Ex-situ  X-ray  diffraction  (XRD),  Fourier  transform-infrared  spectro¬ 
photometer  (FT-IR)  and  scanning  electron  microscope  (SEM)  investigations  suggest  that  ambient  hu¬ 
midity  affects  not  only  the  Li202/02  conversion,  UCO3ICO2  conversion  and  LiOH  formation  but  also  the 
morphology  of  discharge  products  in  porous  catalytic  electrode  over  charge/discharge  cycle.  These  re¬ 
sults  may  be  important  for  developing  Li— air  battery. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  energy  demand  is  increasing  sharply  across  the  world,  energy 
storage  will  be  more  crucial  in  the  future  than  at  any  time  in  the 
past.  Among  the  numerous  energy-storage  technologies,  lithium 
batteries  are  important  to  our  daily  life.  The  traditional  lithium-ion 
batteries  have  been  widely  used  commercially  as  a  power  source  in 
the  mobile  electronics  industry  because  of  the  highest  energy 
density  of  all  other  battery  types.  Moreover,  larger  lithium-ion 
batteries  have  been  used  for  application  in  electric  vehicles  [1,2]. 
However,  the  energy  density  of  lithium-ion  batteries  is  now 
approaching  its  theoretical  limit  set  by  the  energies  of  cathode  and 
anode  materials  used  in  these  batteries  3].  In  recent  years,  the 
nonaqueous  U-O2  batteries  have  received  much  attention  since 
they  can  theoretically  store  5-10  times  more  energy  than  current 
Li-ion  batteries  due  to  integrating  the  most  electronegative  and 
lightest  metal  of  Li  with  the  extremely  electropositive  02  [4-7]. 
Furthermore,  the  cathode  active  material  O2  is  not  stored  in  the 
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battery.  Instead,  the  inexhaustibly  oxygen  is  derived  from  the 
ambient  environment,  which  makes  the  theoretical  gravimetric 
storage  capacity  of  the  U-O2  batteries  far  exceed  any  other  battery 
system  known  today  [8-10].  A  typical  rechargeable  nonaqueous 
Li-02  battery  is  comprised  of  a  Li-metal  anode,  a  Li  conducting 
organic  electrolyte  and  a  porous  catalytic  cathode  [11].  In  addition, 
when  in  the  pure  and  dry  oxygen,  the  porous  electrode  reactions  on 
discharge/charge  process  can  be  generally  summarized  as:  O2  en¬ 
ters  the  porous  catalytic  cathode  and  is  reduced,  then  combines 
with  the  Li+  ions  in  the  electrolyte  to  form  solid  U2O2  on  discharge. 
Charge  reverses  the  discharge  process  to  release  O2. 

Although  an  apparently  simple  reaction,  several  challenges  like 
rechargeability,  cycling  efficiency,  rate  capability,  electrolyte  sta¬ 
bility,  safety,  and  charging  overpotential  still  remain  to  be  solved 
before  we  can  see  the  practical  application  of  U-O2  system  on  the 
market  [6,12].  So  far,  extensive  efforts  have  been  made  to  develop  a 
highly  effective  porous  catalytic  cathode  coupled  with  a  stable 
electrolyte  for  high  performance  rechargeable  U-O2  batteries,  and 
thus  some  promising  results  have  been  achieved  [13-32].  Catalysts 
like  carbon  materials  [10,16,18,20,28,30],  metal  nitride  [29],  noble 
metals  [11,24,26]  and  transition  metal  oxides  [19,24,31]  for 
rechargeable  Li-02  battery  have  been  investigated  for  the  above 
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goal.  In  addition,  according  to  recent  reports,  many  commonly  used 
organic  carbonate  based  electrolytes  react  with  the  superoxide 
radical  (O2)  intermediates  produced  during  the  oxygen  reduction 
reaction  (ORR)  [11,33-37].  For  instance,  alkyl  carbonate  was 
demonstrated  to  be  unstable  in  the  presence  of  ORR  intermediates, 
which  leads  to  cell  failure  due  to  irreversible  decomposition  at  the 
cathode  on  discharge  to  form  products  such  as  lithium  formate 
(J-KX^Li),  lithium  acetate  (CH3C02Li),  and  lithium  carbonate 
(U2CO3),  with  little  or  no  evidence  of  the  U2O2  formation  [11,33- 
37].  Later  work  turned  to  the  tetra  (ethylene)  glycol  dimethyl 
ether  and  the  dimethyl  sulfoxide  since  they  are  initially  promising 
and  certainly  more  stable  to  reduced  O2  species  than  organic  car¬ 
bonates,  and  they  have  been  studied  extensively  as  Li-02  (or  air) 
battery  electrolyte  solutions  [7,8,11,16,18-20,22].  However,  it 
should  be  noted  that  these  reports  mentioned  above  were  generally 
investigated  in  pure/dry  O2  atmosphere.  It  is  undoubted  that  the 
ultimate  target  for  developing  Li-02  batteries  should  be  Li-air 
batteries  which  can  breathe  O2  from  environment.  Only  through 
this  way,  Li-02  couples  could  realize  the  high  theoretical  energy 
density  that  is  even  compatible  with  that  of  gasoline.  Therefore,  it 
should  be  the  next  logic  step  for  developing  Li-air  batteries  to 
investigate  the  ambient  humidity  effect  on  the  performance  of  Li- 
02  batteries.  However,  up  to  present,  this  topic  is  rarely  reported. 

In  present  work,  carbon  (Ketjenblack,  KB)-based  porous  cata¬ 
lytic  electrodes  were  coupled  with  lithium  anodes  to  form  Li-02 
batteries  in  tetra( ethylene)  glycol  dimethyl  ether-LiN(CF3S02)2 
(TEGDME— LiTFSI)  electrolyte.  The  electrochemical  performance  of 
these  Li-02  batteries  in  pure/dry  O2  atmosphere,  02  atmosphere 
with  a  relative  humidity  (RH)  of  15%  and  ambient  air  atmosphere 
with  an  RH  of  50%  were  investigated  and  compared  in  detail. 
Furthermore,  Ex-situ  XRD,  FTIR  and  SEM  technologies  were 
employed  to  investigate  the  ambient  humidity  effect  on  the  re¬ 
actions  in  porous  catalytic  electrode  over  charge/discharge  cycle, 
including  the  U2O2IO2  conversion,  U2CO3ICO2  conversion  and  LiOH 
formation. 

2.  Experimental  section 

2.1.  Preparation  of  O2  catalytic  electrode 

In  the  preparation  of  KB-based  catalytic  O2  electrode,  80  wt.  % 
KB  (Ketjenblack  produced  by  Shanghai  Tengmin  Industry  Co.,  Ltd, 
EC600JD;  The  specific  surface  area  of  the  KB  is  1260  m2  g-1)  and 
20  wt.  %  polyvinylidene  fluoride  binder  (PVDF)  were  intimately 
mixed  in  an  N-methyl-2-pyrrolidone  (NMP)  solution,  and  the 
resulting  slurry  was  coated  on  a  carbon  paper  (TGP-H-060  carbon 
paper,  Torray).  The  total  mass  loading  of  KB  is  0.8  mg  cm-2.  The 
coated  electrode  was  dried  for  12  h  at  100  °C  under  vacuum  to 
remove  residual  solvent. 

2.2.  Fabrication  ofli—02  batteries 

The  batteries  assembly  was  operated  in  a  glove  box  filled  with 
pure  argon.  These  two  electrodes  were  separated  by  a  separator 
dipping  with  TEGDME— (1  M)  LiTFSI  electrolyte.  This  Li/separator/ 
O2  electrode  was  then  sealed  into  a  Swagelok  cell  with  an  air  hole 
0.8  cm2  placed  on  the  positive  electrode  side  to  allow  the  oxygen  to 
flow  in. 


box,  in  an  oxygen-filled  glove  box  with  the  RH  of  15  wt.  %  and  in  the 
ambient  air  with  the  RH  of  about  50%,  respectively. 

2.4.  Ex-situ  characterization 

The  ex-situ  XRD  and  FT-IR  investigations  of  porous  catalytic 
electrodes  at  its  pristine  state,  after  full  discharge,  and  after  com¬ 
plete  recharge  were  recorded  on  Bruker  D8  Advance  Diffractometer 
using  Cu  Ka  radiation  and  FI-TR  (NICOLET  6700),  respectively.  The 
surface  morphologies  of  porous  catalytic  electrodes  at  different 
states  were  characterized  with  SEM  (FE-SEM  S-4800). 

3.  Results  and  discussion 

3.1.  Electrochemical  performance  ofli—02  batteries  in  pure/dry  O2 

Fig.  1  a  gives  the  full  discharge/charge  curves  of  the  Li-02  bat¬ 
tery  in  pure/dry  O2  atmosphere  with  an  applied  current  density  of 
50  mA  g_1.  As  shown  in  Fig.  la,  the  Li-02  cell  exhibits  rather  stable 
specific  capacities  above  9500-11,000  mAh  g  1  for  initial  3  cycles. 
It  should  be  noted  that  both  the  applied  current  density  (mA  g-1) 
and  the  achieved  capacity  (mAh  g-1)  were  calculated  based  on  the 
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2.3.  Electrochemical  measurements 


Capacity  (  mAh  g1 ) 


The  cells  were  cycled  in  an  LAND  cycler  Wuhan  Land  Electronic 
Co.  Ltd.  Galvanostatic  charge-discharge  measurements  of  these 
Li-02  batteries  were  carried  out  in  a  pure/dry  oxygen-filled  glove 


Fig.  1.  The  discharge/charge  curves  of  Li-02  batteries  in  pure/dry  02:  (a)  for  initial  3 
cycles  at  a  current  density  of  50  mA  g-1  with  the  voltage  window  of  2  V-4.5  V;  (b)  at  a 
current  density  of  200  mA  g-1  with  a  fixed  capacity  of  1000  mAh  g-1;  (c)  at  different 
applied  current  densities. 
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carbon  mass  (KB)  in  porous  catalytic  electrode.  Moreover,  this  cell 
also  displays  nearly  the  same  discharge  voltage  platforms  for  initial 
3  cycles.  However,  the  polarization  between  the  discharge  and 
charge  slightly  increased  in  the  3rd  cycle.  The  U-O2  battery  in  the 
3rd  cycle  cannot  be  totally  recharged,  displaying  about  70%  of  the 
discharge  capacity,  which  indicates  the  poor  capacity  retention 
after  the  3rd  cycle.  It  should  be  noted  that  the  capacity  from  the 
carbon  paper  (i.e.  current  collector)  is  quite  limited  (~85  mA  g-1) 
and  thus  is  neglectable,  which  has  been  demonstrated  by  recent 
reports  [14,16]. 

It  should  be  noted  that  Li-02  batteries  generally  display  poor 
cyclic  performance  at  full  discharge/charge  condition,  because  the 
high  discharge/charge  depth  may  result  in  more  serious  volume 
change  (i.e.  U202I02  conversion)  and  more  undesired  electrolyte 
decomposition.  Therefore,  in  a  lot  of  recent  investigations  8,14- 
20,24  ,  U-O2  batteries  were  cycled  with  a  fixed  capacity  (i.e. 
limited  discharge/charge  depth).  To  further  clarify  cycle  perfor¬ 
mance  of  the  Li-02  batteries  in  pure/dry  02,  we  then  tested  the  Li- 
02  battery  cycled  at  a  fixed  capacity  of  1000  mAh  g-1  and  at  a 
current  density  of  200  mA  g_1  (Fig.  lb).  As  shown  in  Fig.  lb,  the 
voltage  profiles  over  discharge/charge  of  the  Li-02  battery  in  pure/ 
dry  O2  were  reproducible,  with  no  sign  of  deterioration  for  initial  30 
cycles,  which  indicates  a  perfect  cycling  performance.  Even  after 
the  50th  cycle,  the  Li-02  battery  experienced  slight  voltage  fading. 

Fig.  lc  shows  the  discharge/charge  curves  for  the  Li-02  batteries 
at  different  current  densities,  in  pure/dry  02  atmosphere.  It  can  be 
detected  from  Fig.  lc  that  the  polarization  between  the  discharge 
and  charge  increased  as  the  applied  current  densities  increased. 
However,  even  at  the  high  current  density  of  500  mA  g-1,  the  Li-02 
battery  still  exhibited  a  stable  discharge  curve  of  approximately 
2.55  V  with  a  discharge  capacity  of  5100  mAh  g-1  that  is  about  50% 
of  the  capacity  achieved  at  the  applied  current  of  50  mA  g-1. 

3.2.  Electrochemical  performance  ofLi—02  batteries  in  O2  with  an 
RH  of  15% 

In  order  to  further  illustrate  the  effect  of  the  ambient  humidity 
on  the  performance  of  Li-02  system,  the  Li-02  batteries  were 
investigated  in  02  atmosphere  with  an  RH  of  15%.  Fig.  2a  shows  the 
discharge/charge  profiles  of  the  first  3  cycles  for  Li-02  battery  at  a 
current  density  of  50  mA  g-1  in  02  atmosphere  with  an  RH  of  15%. 
As  shown  in  Fig.  2a,  the  Li-02  battery  in  02  atmosphere  with  an  RH 
of  15  wt.  %  exhibits  a  much  higher  capacity  of  18,482  mAh  g-1  on 
initial  discharge,  compared  with  the  initial  discharge  capacity 
(10,050  mAh  g-1)  achieved  in  pure/dry  02  atmosphere  at  the  same 
current  density  of  50  mA  g-1.  According  to  Zhou  et  al.’s  recent 
report  about  the  operating  mechanism  of  Li-02  battery  in  ambient 
air  [15],  the  speculated  primary  reactions  of  Li-02  batteries  in  02 
atmosphere  with  an  RH  of  15%  may  be  summarized  as  the  following 
equations: 

Li+  +  02  +  e-  — ►  Li02  (1) 

2Li02  — ►  Li202  +  02  (2) 

2Li202  +  2H20^4Li0H  +  02  (3) 

As  shown  in  these  equations,  the  discharge  of  the  Li-02  battery 
is  initiated  with  the  transient  formation  of  02 ,  and  then  reacts  with 
the  Li+  ions  to  form  Li02.  Next,  Li02  is  decomposed  via  dispropor¬ 
tionation  to  produce  the  Li202  (Reactions  (1)  and  (2)).  Obviously, 
the  reaction  process  of  the  Li-02  battery  in  pure/dry  oxygen  just 
includes  reactions  (1)  and  (2).  However,  when  the  Li-02  cells  are 
operated  in  02  atmosphere  with  an  RH  of  15%,  some  H20  molecules 
in  ambient  condition  will  also  permeate  through  the  oxygen 


Fig.  2.  The  discharge/charge  curves  of  Li-02  batteries  in  pure  02  with  an  RH  of  15%:  (a) 
for  initial  3  cycles  at  a  current  density  of  50  mA  g-1  with  the  voltage  window  of  2  V— 
4.5  V;  (b)  at  a  current  density  of  200  mA  g  1  with  a  fixed  capacity  of  1000  mAh  (c) 
at  different  applied  current  densities. 


channels  to  react  with  Li202  and  generate  LiOH  (Reaction  (3))  ul¬ 
timately.  Therefore,  due  to  reaction  (3),  the  Li-02  battery  in  02 
atmosphere  with  an  RH  of  15%  displays  the  much  higher  first 
discharge  capacity,  compared  with  that  in  pure/dry  02  atmosphere. 
In  other  words,  water  was  demonstrated  to  be  a  strong  capacity 
enhancer  for  the  Li— 02  battery,  which  is  also  consistent  with  Gas- 
teiger  et  al.’s  recent  report  [38].  The  generation  of  LiOH  over 
discharge  process  will  be  further  confirmed  by  the  later  ex-situ  XRD 
investigation. 

However,  the  increase  of  RH  much  limited  the  cyclic  ability  of 
the  Li-02  battery.  As  shown  in  Fig.  2a,  the  discharge  capacity  of  the 
Li-02  battery  in  02  atmosphere  with  an  RH  of  15%  decreased 
dramatically  on  cycling  down  to  6893  mAh  g_1  after  3  cycles, 
indicating  the  poor  cycling  performance.  In  addition,  we  also 
investigated  the  cyclic  performance  of  the  Li— 02  battery  in  02  at¬ 
mosphere  with  an  RH  of  15%  with  a  fixed  discharge/charge  depth. 
Fig.  2b  presents  the  typical  voltage  profiles  over  50  cycles  for  the 
Li-02  battery  in  02  atmosphere  with  an  RH  of  15%  at  a  fixed  ca¬ 
pacity  of  1000  mAh  g-1  and  at  a  current  density  of  200  mA  g-1. 
However,  the  cycling  capability  at  a  fixed  capacity  of  the  Li-02 
battery  in  02  atmosphere  with  an  RH  of  15%  was  greatly 
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deteriorated,  in  contrast  to  that  in  pure/dry  O2.  As  shown  in  Fig.  2b, 
the  Li-02  battery  in  O2  atmosphere  with  an  RH  of  15%  experienced 
voltage  fading  after  the  10th  cycle,  which  also  indicates  a  poor 
cycling  capability.  Polarization  behavior  may  arise  between  the 
10th  and  50th  cycles  due  to  Reaction  (3),  which  results  in  the 
irreversible  Li202/02  conversion.  In  addition,  RH-induced  Li- 
passivation  also  contributes  to  the  poor  cycle  performance. 

Fig.  2c  presents  the  discharge/charge  profiles  for  the  Li-02 
batteries  at  different  current  densities,  in  O2  atmosphere  with  an 
RH  of  15%.  When  the  current  density  increases  from  50  mA  g-1  to 
500  mA  g_1,  the  discharge  capacity  of  the  Li-02  batteries  in  O2 
atmosphere  with  an  RH  of  15%  gradually  decreases  from 
18,500  mAh  g-1  to  5348  mAh  g-1,  indicating  the  capacity  retention 
of  29%.  Obviously,  the  rate  performance  (i.e.  capacity  retention  with 
the  increase  of  applied  current  densities)  of  the  Li-02  battery  in  O2 
atmosphere  with  an  RH  of  15%  is  much  poorer  than  that  in  pure/dry 
O2  atmosphere.  However,  it  should  be  noted  that  at  all  the  current 
densities  of  50  mA  g  \  100  mA  g^1,  200  mA  g_1  and  500  mA  g_1, 
the  Li— O2  batteries  in  O2  atmosphere  with  an  RH  of  15%  exhibit 
higher  discharge  capacities  than  these  in  pure/dry  O2  atmosphere. 
As  mentioned  above,  this  phenomenon  can  be  also  attributed  to  a 
certain  amount  of  water,  which  leads  to  the  formation  of  LiOH 
during  the  discharge  process  and  enhances  the  discharge  capacities 
(Equations  (l)-(3)). 

3.3.  Electrochemical  performance  ofLi-02  batteries  in  ambient  air 

In  this  section,  we  also  investigated  the  electrochemical  per¬ 
formance  of  Li-02  batteries  in  ambient  air  with  an  RH  of  -  50%.  As 
shown  in  Fig.  3a,  the  battery  exhibits  a  single  discharge  plateau 
around  2.71  V  and  a  capacity  of  9570  mAh  g'1  in  the  first  cycle  with 
an  applied  current  density  of  50  mA  g-1.  However,  the  discharge 
plateau  and  capacity  start  to  fade  immediately  after  the  first  cycle. 
The  inferior  result  should  be  attributed  to  the  presence  of  the 
moisture  and  CO2  in  the  air,  which  leads  to  the  formation  of  LiC03  in 
porous  catalytic  cathode  and  the  passivation  on  Li-anode.  As 
mentioned  in  above  section,  a  certain  amount  of  water  (e.g.  RH  of 
15%)  can  lead  to  the  formation  of  LiOH  during  the  discharge  process 
and  enhance  the  discharge  capacity.  In  present  case,  however,  the 
~  50%  RH  of  ambient  air  may  be  too  high  to  ensure  the  long-time 
operating  of  Li-02  battery  at  the  low  current  density  of 
50  mA  g-1.  If  we  increase  the  applied  current  density  for  reducing 
operating  time,  the  Li-02  battery  in  ambient  air  atmosphere  might 
display  higher  discharge  capacity.  This  point  will  be  further  dis¬ 
cussed  in  the  rate  performance  investigation. 

Next,  we  further  investigated  the  cyclic  performance  of  the  Li- 
02  battery  in  ambient  air  atmosphere  with  a  fixed  capacity  of 
1000  mAh  g-1  at  a  current  density  of  200  mA  g-1.  As  shown  in 
Fig.  3b,  the  Li-02  battery  experienced  dramatic  voltage  fading  after 
the  10th  cycle.  Furthermore,  the  Li-02  cell  displayed  the  poor 
discharge  capacity  of  300  mAh  g_1  above  the  voltage  of  0  V,  and 
even  was  hardly  able  to  be  recharged  after  10th  cycle,  exhibiting 
merely  30%  of  the  discharge  capacity  below  the  voltage  of  5  V. 
Obviously,  the  poor  cyclic  performance  should  be  ascribed  to  the 
air-attacking  on  porous  catalytic  electrode  and  the  metallic  Li 
anode. 

Fig.  3c  shows  the  first  discharge/charge  profiles  of  the  Li-02 
batteries  in  the  air  with  an  RH  of  ~  50  wt.  %  at  current  densities  of 
50, 100,  200,  and  500  mA  g-1,  respectively.  Interestingly,  it  can  be 
seen  that,  at  the  current  density  of  100  mA  g  \  the  Li-02  battery 
exhibits  a  much  higher  discharge  capacity  of  17,927  mAh  g-1  than 
that  at  the  current  density  of  50  mA  g_1  (9570  mAh  g^1).  This 
phenomenon  may  occur  because  both  batteries  had  experienced 
almost  the  same  attack  from  the  moisture  and  C02  in  the  air  over 
the  same  period,  which  gradually  formed  the  insoluble  solid  at  the 


Fig.  3.  The  discharge/charge  curves  of  Li-02  batteries  in  ambient  air  with  an  RH  of 
~50%:  (a)  for  initial  3  cycles  at  a  current  density  of  50  mA  g-1  with  the  voltage 
window  of  2  V-4.5  V;  (b)  at  a  current  density  of  200  mA  g-1  with  a  fixed  capacity  of 
1000  mAh  g-1;  (c)  at  different  applied  current  densities. 

cathodes  blocking  the  electrolyte  and  oxygen  pathways.  While  the 
Li-02  battery  possessed  the  lower  discharge  capacity  at  the  current 
density  of  50  mA  g-1  compared  with  that  at  the  current  density  of 
100  mA  g-1  during  the  same  time.  However,  the  discharge  capacity 
of  the  Li-02  batteries  decreased  dramatically  as  the  applied  current 
densities  continued  to  increase  (above  100  mA  g_1).  In  addition,  an 
unexpected  phenomenon  happened  that  the  Li-02  batteries  in  the 
ambient  air  were  unable  to  be  totally  recharged,  exhibiting  under 
50%  of  the  discharge  capacity  when  the  applied  current  densities 
were  below  200  mA  g-1. 

3.4.  Ex-situ  XRD  and  FT-IR  investigation  about  these  U—O2  batteries 
in  different  atmospheres 

In  order  to  clarify  the  performance  difference  of  these  Li-02 
batteries  operated  in  various  atmospheres,  we  employed  ex-situ 
XRD  and  FT-IR  technologies  to  characterize  their  porous  catalytic 
electrodes  at  different  states.  Ex-situ  XRD  analysis  and  ex-situ  FT-IR 
analysis  were  conducted,  in  sequence,  on  the  Li-02  batteries  in  its 
pristine  state,  after  full  discharge,  and  after  complete  recharge. 

Fig.  4a  gives  the  XRD  patterns  at  different  states  of  porous  cat¬ 
alytic  electrodes  in  Li-02  batteries  that  were  operated  in  the  pure/ 
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Fig.  4.  The  analyses  for  KB  electrodes  of  U-O2  batteries  in  pure/dry  O2:  (a)  ex-situ  XRD  patterns  at  different  discharge-charge  stages:  before  discharge  (XRD1),  after  discharge 
(XRD2)  and  after  recharge  (XRD3);  (b)  ex-situ  FTIR  spectra  before  discharge,  after  discharge  and  at  the  end  of  charge  at  1st  cycle. 


dry  O2  atmosphere.  It  can  be  observed  from  Fig.  4a  that  the  char¬ 
acteristic  peaks  related  to  U2O2  exist  in  the  discharge  pattern  and 
vanish  again  in  the  charge  pattern.  This  was  confirmed  by  the  FT-IR 
spectra  data  in  Fig.  4b,  where  the  characteristic  peaks  for  U2O2, 
observed  at  the  end  of  discharge,  are  absent  from  the  spectrum  at 
the  end  of  charge.  The  results  demonstrate  the  reversibility  of  the 
O2IU2O2  conversion  over  the  cycles  for  the  U-O2  batteries  in  pure/ 
dry  O2  atmosphere.  In  the  FTIR  spectrum  of  porous  catalytic  elec¬ 
trode  collected  at  the  end  of  discharge  (Fig.  4b),  peaks  in  addition  to 
U2O2  may  be  assigned  to  overlap  of  the  bands  from  HCX^Li, 
CH3C02Li,  and  Li2C03  [27,34,39,40].  The  formation  of  Li  carboxyl- 
ates  (i.e.  HCC^Li  and  CH3C02Li)  and  Li2C03  should  be  ascribed  to  the 
decomposition  of  electrolyte  on  carbon  electrode  on  discharge 
process  [27,34,39,40].  In  addition,  the  decomposition  of  carbon 
electrode  may  also  result  in  the  formation  of  Li2C03  [27,34,39,40]. 
According  to  Bruce  et  al.’s  report  [27],  there  is  very  little  decom¬ 
position  of  the  carbon  electrode  on  first  discharge;  over¬ 
whelmingly,  the  side  reactions  involve  decomposition  of  the 
electrolyte.  In  view  the  results  from  ex-situ  XRD  and  ex-situ  FTIR, 
we  can  conclude  that  the  products  at  the  end  of  the  first  discharge 
are  overwhelmingly  dominated  by  Li202,  but  there  is  also  evidence 
of  the  beginning  of  TEGDME  decomposition.  Furthermore,  this 
result  also  highlights  the  fact  that  the  XRD  alone  is  insufficient  to 
characterize  the  products  of  discharge:  LhC^  is  observable,  but  less 
crystalline  compounds  cannot  be  detected.  On  charging,  the  char¬ 
acteristic  peaks  of  Li202  disappear  in  the  FTIR  spectrum,  indicating 
the  main  discharge  product  (i.e.  Li202)  was  almost  removed.  In 
addition,  the  peaks  associated  with  Li  carboxylates  and  Li2C03 
become  unclear.  This  phenomenon  is  because  that  these  Li 


carboxylates  and  Li2C03  formed  on  discharge  can  also  be  decom¬ 
posed  on  charging  [15,27,34  .  Furthermore,  recent  reports  about  Li/ 
CO2  batteries  have  also  demonstrated  the  reversibly  decomposition 
of  LiC03  on  charging  [40,41  ]. 

The  products  of  the  Li-02  batteries  in  02  atmosphere  with  an 
RH  of  15%  formed  at  the  end  of  discharge  and  charge  were  also 
determined  by  a  combination  of  ex-situ  XRD  and  ex-situ  FTIR 
(Fig.  5).  As  shown  in  Fig.  5a,  these  peaks  assigned  to  overlap  of  Li202 
and  LiOH  present  in  the  discharge  XRD  pattern,  which  demon¬ 
strated  the  formation  of  LiOH  during  the  discharge  process.  More 
interesting,  on  recharging,  both  the  Li202  peaks  and  LiOH  peaks 
have  almost  disappeared,  which  confirmed  Zhou  et  al.’s  recent 
report  [15]  that  LiOH  can  be  decomposed  in  the  recharge  of  Li-02 
battery  which  was  operated  in  ambient  air  atmosphere.  However, 
as  mentioned  above,  the  XRD  patterns  are  not  enough  to  determine 
the  discharge  products.  Therefore,  further  investigation  has  been 
obtained  from  the  FTIR  analysis  in  Fig.  5b.  There  is  clear  FTIR  evi¬ 
dence  about  the  generation  of  Li  carboxylates  and  Li2C03  at  the  end 
of  discharge,  indicating  the  undesired  decomposition  of  electrolyte. 
Even  at  the  end  of  recharge,  these  characteristic  peaks  about  Li 
carboxylates  and  Li2C03  still  can  be  observed  clearly  in  the  FTIR 
spectrum,  suggesting  that  only  part  Li  carboxylates  and  Li2C03  can 
be  decomposed  on  recharging. 

Finally,  we  also  used  ex-situ  XRD  and  ex-situ  FTIR  technologies 
to  analyze  the  discharge  and  charge  products  of  Li-02  battery  in 
ambient  air  with  an  RH  of  ~  50%.  The  ex-situ  XRD  data  suggest  that 
the  Li202,  LiOH  and  Li2C03  formed  at  the  end  of  discharge  (Fig.  6a). 
This  result  is  different  from  above  investigation  (i.e.  Figs.  4a  and  5a). 
When  the  Li-02  battery  was  operated  in  pure/dry  O2  atmosphere 


2000  1600  1200  800  400 

Wavenumber(cm  *) 


Fig.  5.  The  analyses  for  KB  electrodes  of  Li-02  batteries  in  pure  02  with  an  RH  of  15%:  (a)  ex-situ  XRD  patterns  at  different  discharge-charge  stages:  before  discharge  (XRD1),  after 
discharge  (XRD2)  and  after  recharge  (XRD3);  (b)  ex-situ  FTIR  spectra  before  discharge,  after  discharge  and  at  the  end  of  charge  at  1st  cycle. 
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Fig.  6.  The  analyses  for  KB  electrodes  of  Li-02  batteries  in  ambient  air  with  an  RH  of  ~50%:  (a)  ex-situ  XRD  patterns  at  different  discharge-charge  stages:  before  discharge  (XRD1), 
after  discharge  (XRD2)  and  after  recharge  (XRD3);  (b)  ex-situ  FTIR  spectra  before  discharge,  after  discharge  and  at  the  end  of  charge  at  1st  cycle. 


or  O2  atmosphere  with  an  RH  of  15%,  the  characteristic  peaks  cor¬ 
responding  to  U2CO3  cannot  be  observed  in  the  XRD  pattern  of 
initial  discharge  products  (see  Figs.  4a  and  5a).  This  difference 
should  be  ascribed  to  the  C02  in  ambient  air  atmosphere.  When  the 
U-O2  battery  was  operated  in  ambient  air  atmosphere,  the  U2CO3 
could  also  be  formed  through  direct  chemical  reactions  between 
CO2  and  LiOH  (or  U2O2),  besides  these  electrochemical  reactions 
(i.e.  electrolyte  decomposition  and  carbon  electrode  decomposi¬ 
tion).  These  chemical  reactions  can  be  summarized  as: 

C02  +  2LiOH— ►Li2C03  +  H20  (4) 

C02  +  Li202  ^Li2C03  + -02 1  (5) 

On  the  other  hand,  this  result  also  indicates  that  the  Li2C03  from 
chemical  reactions  and  the  Li2C03  from  electrochemical  reactions 
(i.e.  electrolyte/electrode  decomposition)  display  different  crystal¬ 
line  characteristics.  However,  the  Li202  peaks  were  still  in  presence 
at  the  recharge  terminal,  but  the  LiOH  and  LiC03  peaks  have  almost 
disappeared.  It  suggests  that  a  great  deal  of  the  LiOH  and  LiC03 
were  generated  upon  Li202  at  the  terminal  stage  of  discharge, 
which  subsequently  mainly  recharged  but  Li202  remained.  It  can  be 
assumed  that  these  Li202  particles  were  coated  by  these  Li2CO 3/ 
LiOH  particles  that  generated  from  the  C02/H20-induced  chemical 
reactions,  which  limits  the  oxidation  of  Li202  on  recharging. 
Although  the  ex-situ  XRD  data  at  the  end  of  charge  suggest  that 
most  of  the  Li202,  LiOH  and  Li2C03  formed  on  discharge  had  been 
oxidized  on  charge  in  Fig.  6a,  FTIR  again  proves  more  revealing 
(Fig.  6b).  As  shown  in  Fig.  6b,  the  characteristic  peaks  corre¬ 
sponding  to  the  Li  carboxylates,  Li2C03  and  Li202  can  be  detected  in 
the  FTIR  spectrum  at  the  end  of  discharge.  However,  the  charac¬ 
teristic  peaks  assigned  to  Li2C03  are  obviously  clearer  than  that  of  Li 
carboxylates,  which  is  different  from  above  investigation  about  the 
Li-02  battery  in  pure/dry  02  atmosphere  or  02  atmosphere  with  an 
RH  of  15%.  The  recharging  is  a  complicated  process  including  the 
decomposition  of  the  discharge  products  partially,  and  the  char¬ 
acteristic  peaks  for  Li  carboxylates,  Li2C03  and  Li202  were  still  in 
presence  in  the  FTIR  spectrum  while  the  Li2C03  peaks  cannot  be 
detected  in  the  XRD  pattern  on  charging  due  to  its  less  crystalline. 
According  to  the  results  from  Fig.  6,  we  can  assume  that  the  crystal 
Li2C03,  which  might  be  produced  by  the  reaction  of  the  Li202/Li0H 
and  C02,  can  be  detected  in  the  XRD  pattern  and  decomposed 
during  the  charge  process.  While  the  uncrystallized  Li2C03,  due  to 
the  decomposition  of  the  electrolyte  or  the  reaction  of  Li202  with 
carbon  (KB),  might  become  the  dominant  side  product  and  accu¬ 
mulate  in  the  electrode  on  cycling,  in  accord  with  the  capacity 
fading  and  the  poor  cycling  performance  in  Fig.  3a  and  b. 


3.5.  Ex-situ  SEM  about  these  U—O2  batteries  in  different 
atmospheres 

Morphologies  of  the  KB-based  porous  catalytic  cathodes  at 
different  discharge/charge  stages  of  these  Li-02  batteries  in  pure/ 
dry  02,  pure  02  with  an  RH  of  15%  and  ambient  air  with  an  RH  of 
50%  were  systematically  investigated  by  SEM,  respectively.  Pristine 
KB-based  porous  cathodes  are  shown  in  Fig.  7a,  d  and  g.  It  can  be 
seen  that  they  are  formed  by  the  aggregation  of  nanoparticles  with 
typical  sizes  ranging  from  30  to  50  nm  in  diameter.  In  addition,  a 
lot  of  macropores  can  be  observed  between  KB  particles,  and  these 
macropores  provide  a  free  space  for  02  diffusion  and  02/Li202 
conversion.  After  discharge,  in  pure/dry  02,  it  can  be  detected  that 
the  morphology  of  discharge  product  (Li202)  is  the  hierarchically 
porous  bird’s  nest-like  structure,  which  consists  of  unique  nano¬ 
sheets  with  <10  nm  thicknesses  (Fig.  7b).  Furthermore,  the  hier¬ 
archically  porous  bird’s  nest-like  structure  of  Li202  vanished  after 
the  consequent  charge  process,  indicating  the  reversible  conver¬ 
sion  from  Li202  to  02  as  well  (Fig.  7c).  While  in  pure  02  with  an  RH 
of  15%,  at  the  end  of  discharge  the  surface  of  the  KB-based  porous 
catalytic  cathode  is  almost  fully  covered  by  the  disc  or  toroidal 
particles  (Fig.  7e).  And  the  high  packing  density  of  the  toroid¬ 
shaped  discharge  products  may  be  attributed  to  the  much 
higher  discharge  capacity  of  the  Li-02  batteries  in  pure  02  with  an 
RH  of  15%.  During  the  subsequent  recharge  process,  most  of  the 
discharge  products  have  been  decomposed  (Fig.  7f).  However,  in 
ambient  air  with  an  RH  of  50%,  the  morphology  of  the  discharge 
products  is  irregularly  spherical  solid  which  consists  of  a  lot  of 
nanosheets  (Fig.  7h),  compared  with  the  morphology  of  the 
discharge  product  in  pure/dry  02  (Fig.  7b).  In  addition,  after 
recharge,  the  irregularly  sphere-shaped  discharge  products  are 
still  in  presence  (Fig.  7i),  in  consistent  with  the  phenomenon  of 
partially  recharged  in  Fig.  3  a. 

4.  Conclusion 

Summarily,  ambient  humidity  effect  on  the  reactions  in  the 
carbon-based  catalytic  electrode  of  Li-02  batteries  was  investi¬ 
gated  in  detail.  Our  results  demonstrate  that  the  humidity  has  an 
obvious  effect  on  the  performance  of  the  Li-02  batteries.  Specif¬ 
ically,  the  water  can  deteriorate  cyclic  ability  and  rate  ability  of  the 
Li-02  batteries,  while  the  discharge  capacity  is  enhanced  due  to  the 
existence  of  moisture.  In  addition,  the  ambient  humidity  affects  not 
only  the  Li202/02  conversion,  LiC03/C02  conversion  and  LiOH  for¬ 
mation  but  also  the  morphology  of  discharge  products  in  porous 
catalytic  electrode  over  charge/discharge  cycle.  Obviously,  the  ef¬ 
fect  of  the  ambient  humidity  on  Li-anode  also  greatly  aggravates 
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Fig.  7.  SEM  images  of  KB  electrodes  at  different  states  for  the  Li-02  batteries  in  pure/dry  02  atmosphere  (a,  b,  c),  in  02  atmosphere  with  an  RH  of  15%  (d,  e,  f),  and  in  ambient  air 
with  an  RH  of  ~50%  (g,  h,  i):  before  discharge  (a,  d,  g),  after  discharge  (b,  e,  h)  and  after  recharge  (c,  f,  i),  respectively. 


the  electrochemical  performance  difference  of  these  batteries, 
which  should  also  be  investigated  in  near  future. 
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